Introduction
The atmospheric concentration of CO2 continues to increase because of human activity [Watson et al., 1990 [Watson et al., , 1992 . The 1995 assessment of the Intergovemmental Panel on Climate Change (IPCC) indicates that atmospheric levels of CO2 could be greater than 800 parts per million by volume (ppmv) by the year 2100 if there is no change in the trend of fossil fuel use [IPCC Working Group I (WGI), 1996]. The buildup of CO2 in the atmosphere has the potential to affect net primary production (NPP) and carbon storage of terrestrial ecosystems. Net primary production is the rate at which vegetation in an ecosystem fixes carbon from the atmosphere (gross primary production) minus the rate at which it returns carbon to the atmosphere (plant respiration). The responses of NPP and carbon storage to elevated CO2 are important to understand because they may have substantial effects on humans. Because NPP represents food, fuel, and fiber for human consumption , the response of NPP may affect the availability of these resources. Rising levels of atmospheric CO2 have the potential to increase global surface air temperature and change precipitation and solar radiation patterns over the next century [Mitchell et al., 1990] . Because the response of carbon storage will affect the rate of CO2 accumulation in the atmosphere, it may influence the rate at which climate might change. Thus it is important to identify the potential range and spatial distribution of NPP and carbon storage responses to elevated atmospheric CO2.
A where Pnb is net photosynthesis per unit leaf area for plants grown and measured at both baseline CO2 and the lowest level of fertilization in the experiment, Pne is the net photosynthesis rate for plants grown and measured at elevated CO2 and/or higher levels of nitrogen fertilization, dLN is the percent change in nitrogen concentration between leaves corresponding to the measurement of Pnb and those of Pne, and dCa is the concentration difference in ppmv between elevated and baseline CO2 [see McGuire et al., 1995a] . For a 21% decrease in leaf nitrogen concentration associated with a 340 ppmv increase in atmospheric CO2, the leaf-nitrogen term indicates a relative photosynthetic reduction of 6.2%, whereas the atmospheric-CO2 term indicates a relative photosynthetic increase of 60.5%. Therefore at the tissue level, the influence of reductions in leaf nitrogen appear to be secondary compared with the rise in atmospheric CO2. In contrast, soil nitrogen availability is an important factor that often constrains the response of woody plant growth to elevated CO2 [see McGuire et al., 1995a ]. This observation is consistent with numerous studies that have demonstrated that net primary production in northern and temperate ecosystems is known to be limited by the availability of inorganic nitrogen in the soil [Mitchell and Chandler, 1939 . Nitrogen concentration is generally positively correlated with decomposition, whereas the other two indices generally are negatively correlated. If decomposition is depressed because of CO2-induced changes in litter quality, soil nitrogen availability may be reduced in ecosystems. Because reduced nitrogen availability has the potential to limit productivity responses to elevated CO2, reduced litter quality resulting from elevated CO2 has the potential to cause long-term negative feedback to constrain the response of NPP.
Reductions in vegetation nitrogen concentration may have important implications for the role of the terrestrial biosphere in stabilizing the concentration of atmospheric CO2. These reductions may alter the CO2 response of NPP, which influences vegetation carbon storage, and the CO2 response of decomposition, which influences soil carbon storage. The response of vegetation carbon storage will depend on whether the potential for lower vegetation nitrogen concentration to enhance the response of NPP to elevated CO2 is stronger or weaker than the potential for lower litter quality to depress the NPP response. The response of soil carbon storage will depend on the degree to which decomposition rates are depressed by reductions in litter quality associated with lower vegetation nitrogen concentration.
Although reductions in vegetation nitrogen concentration associated with elevated atmospheric CO2 have the potential to influence carbon storage, it is not clear whether vegetation or soils will have a stronger response. In addition, there is uncertainty about the degree to which vegetation nitrogen concentration may respond to elevated CO2. Most studies of plant responses to elevated CO2 have involved experimental manipulation of developing seedlings. Because vegetation nitrogen concentration generally decreases during development, it has been argued that observed reductions in nitrogen concentration associated with elevated CO2 may, in part, represent accelerated growth [Agren, 1994] [Wullschleger, 1993; Sage, 1994] . In TEM, the A-Ci relationship is represented by the product f(Ca, Gv) f(NA).
Although the individual mechanisms of assimilation have been modeled [Farquhar et In TEM, it is important to recognize that the response of GPP to doubled CO2 is not a constant 37% for 1% of 400 ppmv be- On first inspection these algorithms would appear to completely constrain the response of NPP to elevated CO2 in nitrogen-limited systems. However, it is important to recognize that there is seasonality in the degree of nitrogen limitation. Nitrogen is generally in greatest supply early in the growing season when vegetation is able to mobilize nitrogen from storage. In this case, the vegetation in TEM is able to incorporate elevated intercellular CO2 into production. Higher levels of production cause greater litterfall to cause higher rates of decomposition and higher rates of nitrogen cycling. One consequence of greater nitrogen cycling is higher rates of nitrogen uptake. Nitrogen cycling eventually equilibrates at a higher level consistent with the higher levels of production and nitrogen supply. Thus elevated CO2 alters the seasonal pattern of carbon-nitrogen status in the vegetation of TEM to influence production.
Decomposition
The response of decomposition to elevated atmospheric CO2 may directly influence soil carbon storage through effects on litter quality that alter heterotrophic respiration rates. Decomposition may also influence soil carbon storage through effects on inorganic nitrogen availability that alter NPP and inputs into the soil; inorganic nitrogen availability depends, in part, on the net nitrogen mineralization ((NETNMIN), see Figure 1 ) of soil organic nitrogen that is associated with decomposition. In TEM, decomposition is represented as heterotrophic respiration In modeling the acclimation response of GPP to elevated CO2, the assumption in TEM is that at monthly and annual timescales, there is a balance between canopy carbon assimilation and nitrogen economy of the vegetation. Thus in TEM, nitrogen is allocated implicitly to represent the tradeoff between canopy development and acclimation of tissue-level photosynthesis so that carbon uptake is maximized in building vegetative biomass at a specific carbon to nitrogen ratio. Although vegetative biomass is built at a specific carbon to nitrogen ratio, the overall ratio of carbon to nitrogen in vegetation may be different. For example, in tundra, the carbon to nitrogen ratio of new production is around 30 while the overall carbon to nitrogen ratio is around 50 [Shaver and Chapin 1991; McGuire et al., 1992] . These ratios are representative for the aggregated vegetation of a plant community, even though the ratios may be different for individual species and growth forms within the community [Shaver and Chapin, 1991 ] . The difference between the carbon to nitrogen ratios of new production and overall vegetative biomass are caused by the processes of nitrogen resorption and mobilization in plants. In TEM, nitrogen resorption is represented by the flux NRESORB and nitrogen mobilization is represented by the flux NMOBIL (see Figure 1) .
Patterns of nitrogen resorption from senescing tissue and of mobilization of nitrogen from storage suggest that plants allocate nitrogen to maximize carbon uptake. The nitrogen that appears in new vegetative biomass comes from new uptake and from recycling, in which nitrogen is mobilized from storage. The resorption of nitrogen from senescing tissues is primarily responsible for the nitrogen in storage. In general, the degree of recycling is sensitive to the degree of nitrogen limitation. For example, production in tundra plants is more limited by nitro-gen availability than is production in boreal forest, which is more limited than production in temperate conifer forest [ [Risser et al., 1981] . These studies of nitrogen recycling indicate that plants are sensitive to carbon-nitrogen balance and suggest that plants are capable of conserving and allocating nitrogen to maximize carbon uptake. Because the parameters related to the nitrogen concentration of vegetation biomass in TEM define carbon-nitrogen balance in the model, it is important to understand the sensitivity of CO2 responses of TEM to potential changes that these parameters may experience in association with elevated atmospheric CO2.
Experimental studies that have measured the response of tissue nitrogen concentration in plants exposed to elevated CO2 usually do not identify whether the measurements represent changes in new production or in overall vegetative biomass. (Table 1) . In contrast, temperate forests (coniferous, deciduous, mixed, and broadleaf evergreen), which occupy 11.3% of the terrestrial area, account for 19.2% of global NPP (Table 1) (Table 1) . Similarly, high-latitude ecosystems (polar desert, tundra, boreal woodland, and boreal forest), which occupy 22.6% of terrestrial area, account for only 9.6% of global NPP (Table 1 ). The least productive vegetation types include polar desert, tundra, and desert, which collectively account for 2.4% of terrestrial NPP (Table   1) (Table 1 ). In contrast, soil carbon accounts for more than half of the storage in the boreal region ( Figure 2b) ; 53.9% of the carbon in boreal forest is stored in soils (Table 1) (Figure 3a) . The latitudinal distribution of response broadly extends throughout the northern and southem temperate regions (Figure 3a) , where temperate forests account for 14.3% of the response (Table 2) . Although the relative NPP responses of deserts (36.0% increase) and add shrublands (24.3% increase) are high, these ecosystems account for only 12.5% of the global response (Table 2 ) because of their low productivity. The latitudinal distribution of NPP response drops off substantially between the temperate and polar regions (Figure 3a) where high-latitude ecosystems account for only 3.5% of the global response (Table 2) .
For doubled atmospheric CO2, the estimate of global total carbon storage by TEM increases 114.2 Pg C (Table 2) tially more sensitive in temperate and boreal regions than in the tropics. The combined responses of vegetation and soil carbon indicate that the response of total carbon storage in both sets of simulations is bimodally distributed between the tropics and the north temperate-boreal region (Figures 8a and 8b) . As the reduction in vegetation nitrogen concentration gets greater in the coupled simulations, more of the additional carbon storage tends to become concentrated in the north temperate-boreal region in comparison to the tropics (Figure 8b) . Also, the additional carbon storage in the north temperate-boreal region tends to shift more northward for greater reductions in nitrogen con- • .
• . To our knowledge, this is the first study to report how potential changes in vegetation nitrogen concentration may influence the CO2 response of global terrestrial carbon storage in a geographically specific manner. The sensitivity analysis reported in this study is in the context of TEM, which is a generalized abstraction of processes that influence carbon cycling in terrestrial ecosystems at large spatial scales. The structure of TEM is highly aggregated both for computational efficiency and for parsimonious representation of processes that are incompletely understood at large spatial scales. Because TEM is a highly aggregated model, it does not explicitly represent canopy development and tissue nitrogen concentration. Although vegetation nitrogen concentration, canopy development, and photosynthesis are implicitly coupled in the model, we do not know if the global and regional sensitivity of carbon cycling to changes in nitrogen concentration would be altered by more explicit representations of vegetation structure and development. A comparison of the results in this study to similar simulations by models that explicitly represent the tradeoff between canopy development and the acclimation response of tissue-level photosynthesis would help determine if the structure of TEM should be less aggregated.
The sensitivity analysis reported in this study is also in the context of a closed nitrogen cycle. Globally, the natural terrestrial nitrogen cycle may be approximately balanced with an estimated 160 1012 g (Tg) N yr -1 entering terrestrial ecosystems in nitrogen fixation and leaving terrestrial ecosystems in river flow and denitrification [Schlesinger, 1991] Our purpose in this study is not to define terrestrial responses to global change but to assess whether the coupling between vegetation nitrogen dynamics and decomposition dynamics has potential consequences for the global carbon cycle. In the context of TEM, our analyses indicate that inclusion of these processes has consequences not only for carbon cycle responses to elevated atmospheric CO2 but also for climate change that may accompany rising levels of CO2. For climate changes without changes in atmospheric CO2, previous simulations with TEM indicate that global NPP is relatively insensitive and that total carbon storage decreases [Melillo et al., , 1995 
